The management of the water resources in coastal or delta plains asks for an integrated modelling of the water system at a regional scale. In the SALMON project, detailed descriptions of the groundwater, river and marine domains are provided by coupling appropriate numerical models of these different sub-systems.
Introduction
Because of their geographical location, coastal or delta plains situated at the major river mouths are highly populated, leading to a very important freshwater demand. But the anthropogenic activities (urban, agricultural and industrial) in these regions lead also to an important degradation of the water quality and of the whole aquatic ecosystem, threatening the quality of the freshwater resources as well as the food resources (fisheries) and recreational sea and river areas.
There is a strong need for tools to evaluate and implement cost-effective strategies to control and decrease pollution of these valuable water resources. One of the key steps of this research as identified by the International Geosphere-Biosphere Programme (IGBP) is the ' determination, at global and regional scales, of the fluxes of material between land, sea and atmosphere through the coastal zone, and of the capacity of coastal systems to transform and store particulate and dissolved matter ' (IGBP, 1993) .
Identifying the need for an integrated management of the coastal resources, the SALMON (Sea Air Land Modelling Operational Network) project was designed to take benefit from the recent advances in computer technology to analyse the contamination of groundwater, rivers and oceans as interconnected problems.
For a long time, the scientific basis for the separate understanding and modelling of the groundwater, river and marine systems has indeed been accumulated. Different kinds of models with different objectives, different state variables, different time scales and length scales exist therefore in the different scientific communities studying these systems. The basic aim of the SALMON project was to build bridges between these different disciplines to develop a single model describing the environment quality in a whole system of regional scale including marine, river, groundwater and atmospheric inputs.
In this paper, we will give a broad overview of the whole SALMON methodology before focusing on the results of its application to the Scheldt Basin and the Belgian Coastal Zone.
The SALMON meta-model
The SALMON project relies on the experience of three laboratories of the University of Liège (Belgium) in the mathematical and numerical modelling of the ocean (GHER-GeoHydrodynamics and Environment Research laboratory), the river (CEME-Centre d'Etude et de Modélisation de l'Environnement) and the groundwater (LGIH-Laboratoire de Géologie de l'Ingénieur et d'Hydrogéologie), to develop a single model to handle the description of environment quality in a whole system of regional scale including marine, river, groundwater and atmospheric inputs. In this complete three-fold model, fluxes of water, nutrients, pollutants, etc., are computed in each sub-model and transferred continuously from one sub-model to another at the common boundaries (e.g. the river discharge in the open ocean).
In practice, this is made possible by taking advantage of the clustered RS/6000 machines in the form of an IBM SP/2 parallel computer and by using the PVM software for the exchange of data between the different tasks running on the processors. The technical issues addressed by the SALMON project are: (i) the design and implementation of the ' Junction ' concept, a tool developed to connect groundwater, river and ocean models as well as to connect ocean models of different scales in a client-server architecture; (ii) the definition of the connections between the groundwater, river and ocean models, identifying the data to be exchanged and their reprocessing (interpolation in space and time, aggregation in state space) by the junction to make them understandable by the receiving model; (iii) the development and implementation of a Generalised Domain Decomposition Method (GDDM) for the parallelization of the numerical codes of the ocean and groundwater models, taking advantage of the performance of the SP2 parallel computer; (iv) the development and implementation of a graphical server to control the whole application and provide online visualizations of the results.
More details about these aspects can be found in Ghiot et al. (1998) and at http://modb.oce.ulg.ac.be/ SALMON.
The methodology of SALMON is meant to be easily portable from one site to another. This means that the tools developed to connect models with different scopes, different space/time resolutions, different state variables can be used to handle the transfer of information between a wide variety of models with a minimum of arrangements. The model implementations are however still specific to a particular domain. The site chosen for the first application of SALMON is the Scheldt Basin and the Belgian Coastal Zone (Figure 1 ). F 1. The Scheldt River network, the groundwater domain (dark grey) and the marine coastal domain (light grey). The star close to Antwerp indicates the location of the release point of the tracers used in the case study.
SALMON groundwater model
( Figure 1 ). The basic geology in this region consists in a pile of Tertiary and Secondary sedimentary layers with tabular structures sloping northwards or northeastwards. This structure induces a superposition of confined (or semi-confined) aquifers inter-layered with semi-pervious layers. The catchment areas of these aquifers are fully connected with the Quaternary layers, especially in the alluvial plains. The domain is bounded by natural boundaries: rivers and groundwater divides. The groundwater model, SUFT3D (e.g. Carabin et al., 1998) , simulates the groundwater flow, which can be density dependent (case of seawater intrusion), and the transport of dissolved contaminants through saturated and unsaturated porous media. The state variables are the pressure head and the concentration of solutes in the mobile water. The processes taken into account are the advection, the diffusion, the dispersion, the linear degradation, the adsorption (with linear, Langmuir or Freundlich isotherm) and the immobile water effect (which simulates the effect on transport of a dual porosity). The model addresses real 3-D cases in both steady and unsteady conditions, for both confined and unconfined (water table) aquifers.
The numerical code is based on finite elements with an horizontal size varying between 50 and 250 m and a thickness from 1 to 100 m (95 415 nodes).
SALMON river model
The river model, PEGASE, is a tool for assessing the policy of surface water management, by taking into account the relationships between water discharge, pollutants load and water quality. The purpose of PEGASE is to provide a global view of water quality for a river network, under characteristic meteorological conditions: low-flow period, mean flow, wellestablished flood regime (e.g. Smitz et al., 1997) .
The modelled Scheldt River network is represented by a series of one-dimensional interconnected segments representing 120 rivers for a total drainage area of 17 000 km 2 (Figure 1 ). A hydrodynamic sub-model calculates the discharges and the other hydrodynamic parameters (water velocity, depth, etc.) in different reaches from the morphometric characteristics of the river (slope, width, presence of dams, etc.) as well as from measured discharges.
A temperature sub-model calculates the water temperature in the different reaches on the basis of the height above sea level of the river segment, of the various inputs of warm water and of measured values.
A biological sub-model calculates the development of plankton biomass (phyto-, zoo-and bacterioplankton), the degradation of organic matter, the production of autochthonous organic matter (primary production of phytoplankton) and the heterotrophic activity. The carbon, phosphorus and nitrogen variables are split according to their physical properties (prone to sedimentation or not), their chemical properties (ammonia, phosphates) and their biological properties (quickly, slowly or non biodegradable).
SALMON marine model
In the scope of the SALMON project, a fine resolution hydrodynamic model of the Belgian coastal zone has been developed to describe the extension of the Scheldt plume. The general characteristics of this model are common to the general form of the GHER model (e.g. Nihoul et al., 1989; Delhez & Martin, 1992) : the model is three-dimensional (using the terrain following -coordinate system), non-linear and baroclinic with prognostic salinity and temperature fields. The robust turbulence closure scheme is based on the evolution equation for the turbulent kinetic energy and a parametric, algebraic expression of the mixing length taking into account both the surface wind induced activity and the stratification (Nihoul et al., 1989; Delhez et al., 1999) . The model also includes a drying and flooding algorithm to cope with the shallow sand banks (a grid point is considered to be dry when the local water height decreases below a threshold value of 3 cm).
The discretisation is based on the FBTCS method, i.e. Forward Backward on Time and Centered Space (Beckers & Deleersnijder, 1992) . The only departures from this rules arise from the partly implicit evaluation of the vertical advection and turbulent diffusion terms and the use of a TVD advection scheme with Superbee limiter (Sweby, 1984) .
The model has an horizontal resolution of 500 500 m and uses 10 unequally spaced vertical -levels with enhanced resolution near the surface and the bottom. Preliminary tests showed that the spreading of the plume was not significantly affected when using 15 equally spaced vertical levels. The model includes more than 120 000 active grid cells. The mesh is roughly aligned with the Belgian coast for a better representation of the coastline. This grid allows also a good description of the river mouth. The bathymetry, obtained by digitalization of the navigation maps, is shown in Figure 2 . The mean depth in this area is 15 m and the maximum depth is 35 m. This local hydrodynamic model is forced with 6 hourly ECMWF wind stress, air pressure and heat fluxes. More precisely, the heat flux is computed from the solar radiation, cloud cover, air temperature and humidity and simulated sea surface temperature. The precipitation flux is assumed to balance the evaporation. The forcing data at the open boundaries-i.e. water level, temperature and salinity-are obtained from a large scale three-dimensional hydrodynamic model covering the whole north-western European continental shelf with a grid size of 10 10 -i.e. about 12 18·5 km-and 10 vertical -levels. This large scale model has the same characteristics as the local model, is forced with the same meteorological data and nine principal tidal components at its own open boundaries. The output of the large scale model are interpolated in time and space and prescribed to the local model using a radiation open boundary condition based on the characteristic method (Hedstrom, 1979; Røed & Cooper, 1987) . Note that the influence of the local marine model is not taken into account in the current implementation of the large scale model.
Interfacing of the models
The computer set-up used to couple the models to each-other is described in a previous publication (Ghiot et al., 1998) . It is based on the client-server architecture: the models send and receive to/from a central application all the information required to compute the boundary conditions. The flux of water and dissolved constituents between the river and the groundwater can take any direction, i.e. from the aquifer to the river when the river drains the aquifer or from the aquifer to the river in the opposite situation. During the initialization of the model run, an automatic mapping algorithm is applied to determine the correspondence between the grid points of the river model and these of the groundwater model representing the same physical river segment. Then, the exchange is parameterized as a function of the difference between the water level in the river and the groundwater piezometric head at the corresponding grid points .
The coupling of the river and marine models is more difficult to implement because the two models address different time scales. As can be seen in Figures 1 and 2, the local marine model does not cover the whole Scheldt Estuary but only that part where environmental conditions can be described as marine conditions. The tidal signal does however propagate much further into the river system, i.e. up to Ghent-about 100 km upstream. As tide is not taken into account in the PEGASE river model, a 1-D model of the propagation of the tide and storm surge into the Scheldt River, a ' junction river model ', was developed to avoid spurious reflections of the tidal wave at the boundary of the marine model and to get a better description of the dissipation of the energy. This model is also used to couple the river and marine models and compute the corresponding water fluxes. This junction river model is based on the continuity and momentum equations integrated over the crosssection of the river. It covers a net of six onedimensional river branches covering that part of the Scheldt River subjected to tidal influence with a spatial resolution of 2 km (e.g. Regnier et al., 1997) .
On the marine side, the junction river model is forced by the free surface elevation signal produced by the marine model. At the other sides, the (residual) flow rates computed by the PEGASE river model are prescribed. The junction river model provides in turn the tide+surge+residual flow to be prescribed to the marine hydrodynamic model. The derivative of the deviation of the horizontal velocity with respect to its depth-mean value in the direction normal to the boundary between the river junction model and the marine model is assumed to be zero. To exchange heat, salt and matter between the river and the marine models, the fluxes computed by PEGASE at its downstream boundary must also be modulated by the tidal and surge signal before being prescribed to the local marine hydrodynamic model. The solution assumes a one way coupling only, i.e. from the river to the marine domain, and is based on the hydrodynamic description provided by the junction river model. For this purpose, a 1-D advection/ dispersion equation is added to the junction river model. The diffusion coefficients used in this onedimensional model are calibrated against the salinity distribution in the river and the estuary. The fluxes computed by PEGASE at its downstream boundary are fed into the junction river model at the corresponding grid point via an artificial buffer zone that makes sure that the heat, salt and dissolved matter will be entrained downstream only in order to remain compatible with the meaning of the fluxes computed by PEGASE on a daily average basis. Then, a two-way coupling of the junction river model with the marine model ensures the exchange of heat, salt and dissolved constituents.
Hydrodynamics of the Belgian Coastal Zone
As stated previously, the dynamics of the Belgian Coastal Zone is determined to a large extent by the strong semi-diurnal tidal signal. At Oostende, the amplitude of the M 2 and S 2 tides reach 1·8 and 0·7 m, respectively. As a result of the large tidal currents, the water column remains relatively well-mixed all through the year. In particular, no permanent haline stratification can be associated with the plume of the Scheldt because of the low freshwater discharge (around 100 m 3 s 1 on average) and the strong mixing.
The salinity distribution evolves with the tidal excursion (10 km, i.e. 20 grid points) and the fluctuations of the wind field at time scales of 5 to 7 days. Northerly winds promote a larger extension of the plume along the Belgian coast, while southerly winds have a blocking effect and push the plume further offshore (e.g. Yang, 1998) . During the simulated period of time, i.e. the year 1993, the variations of the freshwater discharge and of the residual flow through the Strait of Dover did not have any discernible influence on the variations of the strength and extension of the plume. The snapshot of the simulated salinity distribution shown in Figure 3 is representative of the recurrent pattern of this plume as it can be derived also from experimental observations (Figure 4) : the fresh water is swept along in a clockwise residual gyre off the Belgian coast. When leaving the Scheldt Estuary, the plume turns left and flows along the Belgian coast towards Zeebrugge and Oostende. Further downstream, the plume moves offshore and is progressively swept along by the outflow of the Dover Strait in its way to the North Sea (e.g. Delhez, 1996a) .
It should be stressed that while Figure 4 is illustrative of the overall pattern of the Scheldt Plume, the spatial gradients associated with the plume are largely underestimated by such a long term mean picture as the real plume undergoes large mesoscale excursions. The situation cannot be described or modelled appropriately without taking into account explicitly the associated oscillations.
To understand the mechanism by which the plume turns left when leaving the estuary, the horizontal Eulerian residual transport velocity field, u E,0 , was computed, i.e. the monthly average value of the horizontal transport field U divided by the corresponding averaged depth H 0 =KHL E : where the subscript 0 indicates a residual variable and where the brackets K. . .L E are used to denote the Eulerian average operator.
This velocity field ( Figure 5 ) shows the influence of several forcing functions in this area. The large scale sea surface slope set up across the whole shelf induces the general northwards circulation offshore. The local pressure gradient induced by the salinity difference between the freshwater inflow and the saltier water offshore triggers a typical estuarine circulation pattern with the freshwater flowing out of the estuary at the surface and the intrusion of higher salinity water in the estuary in the bottom layer. This two-layer circulation is however restricted to the inner estuary only. The monthly averaged effect of the local meteorological forcing on the local residual circulation is small. Surprisingly, the Eulerian residual transport field does not explain the recurrent turning left of the Scheldt Plume. In both the surface and bottom layers, the residual circulation along the Belgian coast appears to flow northwards, in apparent contradiction with the computed plume extension. To have a better explanation, the non-linear dynamics of the higher frequency motions associated with the mesoscale motions must be taken into account. The large horizontal tidal excursion-and more generally mesoscale excursion, where the term mesoscale is understood as referring to time scales ranging from several hours to several days-and the large mesoscale velocity gradients associated with the irregular bathymetry are responsible for a large departure of the Eulerian residual circulation from the Lagrangian residual circulation, i.e. the net long-term displacement of water parcels.
The true Lagrangian residual circulation is difficult to compute and analyse as it depends on the exact release time of the water parcels used for its computation and forms therefore a kind of unsteady field. The average effect of the mesoscale oscillations can however be accounted for by the first order approximation of the Stokes Drift transport velocity field v s (Delhez, 1996b) where v 1 is the oscillating mesoscale (mainly tide+wind induced) velocity vector. Note that there are no strong mesoscale instabilities of the plume and that the density-driven part of v 1 remains small. In a weakly non-linear case, v 1 can be considered as the dominant term of the correction to be applied to the Eulerian residual (Feng et al., 1986) . It can be clearly seen in Figure 6 that this velocity field is of the same order of magnitude as the Eulerian residual transport field but has a completely different direction at many locations. The sum of the Eulerian residual transport velocity and the first order approximation of the Stokes Drift transport velocity, i.e. the first order approximation of the Lagrangian residual transport velocity, shows therefore a completely different picture ( Figure 7 ). This residual velocity field describes only part of the complex non-linear dynamics as it is based on the not fully verified assumption that the mesoscale velocity gradients experienced by a water parcel during the mesoscale excursion can be described by the local gradient of the velocity at the point where the first order Lagrangian residual transport velocity field is defined. It is however sufficient to explain why the plume turns left when leaving the Scheldt Estuary. It is indeed clear, especially in the surface layer, that the residual Lagrangian motion resulting from the mesoscale oscillations is directed along the Belgian coast, or, to be more precise, along the principal navigation channel to Antwerp Harbour. Because of the characteristics of the bathymetry near Zeebrugge Harbour the residual velocity turns then offshore following the 10 m depth contour. Further offshore, the total residual signal is then similar to the one associated with the large scale general circulation so that a loop is formed. More return paths can exist further downstream, according to the particular meteorological conditions, and can give an even more complex pattern with secondary gyres. In Figure 7 , the residual velocity field seems to be noisy. This is not the result of a lack of convergence of the computation or of numerical instabilities (the Eulerian residual transport velocity is much smoother) but, as explained above, this reflects the large horizontal velocity shear induced by the complex shallow bathymetry. In the outer estuary, the main flow occurs along the deeper navigation channel. On the sides of this channel, complex residual gyres with horizontal scales of 1 km or less appear also (note that, for clarity, vector arrows are drawn every two grid points only in both horizontal directions). On the left side of the figure, the influence of the Flemish Banks system can be seen as a succession of quasi parallel lines with opposite residual velocity fields along their two sides as predicted theoretically (Huthnance, 1973; Zimmerman, 1980) .
Case study
Several simulations have been carried out to validate the different components of SALMON and the coupling of the different sub-models as well as to investigate possible scenarios of pollution and learn more about the influence of the hydrodynamics on the fate of this pollution.
As an example, a constant release of 50 g s 1 of a conservative tracer was considered in a minor branch of the river, the ' Grote Schijn ' (Figure 1 average flow rate of the river at this point is less than 2 m 3 s 1 . The studied scenario corresponds to the case of a continuous pollution by the direct discharge of pollutants in the river through the sewage system or through outlets of some factory. The passive constituent is then transported to the sea through the river system and can possibly infiltrate into the groundwater according to the hydrologic conditions. The model ran for six months starting on 29 April 1993.
The distribution of the conservative tracer in the river (Figure 8 ) reflects only the dilution of the release by lateral inputs of water and the time variations of the flow and of the inputs. The concentration shows therefore a maximum at the release point and decreases rapidly downstream.
The flux of the tracer transferred to the marine model varies with time ( Figure 9 ) around a mean value of 50 g s 1 , i.e. the magnitude of the source. The large variations of the flux are produced by the variations of the flow rate of the river. The freshwater flow and the passive tracer flux are indeed positively correlated in time while the total mass of the tracer in the river is negatively correlated with the freshwater flow. All three time series exhibit strong variations at a time scale of a few days. Larger flow rates induce a stronger flushing of the river system with a larger flux of the tracer and a strong decrease of the total mass of passive tracer in the river.
The strong response of the total mass of the tracer present in the Grote Shijn River results obviously from the large residual velocities (25 cm s 1 ) observed and computed in this highly canalized part of the river. The time required for the tracer to leave the 30 km river branch is therefore of one or two days only.
While the total mass in the river and the flux of passive tracer from the river to the marine domain exhibit strong oscillations with time, the total mass of the tracer accumulated in the marine coastal zone has The conservative constituent can be traced in the Belgian coastal zone where a plume develops progressively and shows the characteristics described previously: displacement to the left of the Scheldt Estuary outflow, spreading along the Belgian coast, movement offshore, mixing with the residual flow from the Strait of Dover to the North Sea (Figure 11 ).
Strong variations of the spatial distribution of this plume are evident in Figure 11 , even after the full development of the plume (around mid-July), as a result of the meteorological and tidal oscillations.
To go further into the analysis of the dynamics of the coastal zone, a second tracer was simulated under the same conditions, with the same release location and flux, but assuming this time a radioactive decay with a half-life equal to 6 months. The comparison of the concentrations of the conservative and radioactive tracers makes it possible to compute an ' age ' of the tracer, i.e. the time elapsed since the tracer was released in the river.
If a radioactive constituent is released at time t 0 with an initial concentration C 0 , the concentration at any time t>t 0 will be given by
(where =log 2/180 days 1 is the disintegration rate) provided that there is no dilution nor diffusion of this constituent. For a conservative tracer, under the same assumptions, the concentration will remain unchanged so that the age can be computed as In a real system, the passive and radioactive constituents undergo the same advection and diffusion so that their ratio at any specific location is still indicative of their age. (In reality, non-linear advection schemes, like TVD schemes, result in different numerical advections of passive and radioactive tracers. This effect can however be neglected provided that the characteristic time of radioactive decay is larger than the computed age.) Application of the formula (Equation 4) will however give a mean age as the computed (or observed) concentrations result from the mixture of different tracer parcels with different ages. It should be noted that, because of the diffusion and temporal oscillations of the flow, this mean age is not the time necessary for a single particle to reach the location examined from its release point but should rather be interpreted as the time needed for a drastic change in the characteristics of the source to affect significantly the conditions at this point. Figure 12 shows the age distribution at different times. After a transient period corresponding to the development of the plume (this local adaptation time reflects itself the local age of the tracer), a recurrent pattern emerges. The discharge of the canalized Grote Schijn occurs downstream Antwerpen and carries one or two day old tracer only. The 30 km path from this point to the boundary of the marine model adds about 18 days to the computed age. At the mouth of the estuary, the age reaches about 40 days. This figure is the result of the competition between the incoming flux, tending to reduce the age by bringing new material, and the advection and diffusion of older material from offshore into the area. The estimated age is slightly smaller than the usually assumed flushing time of the whole Schledt (e.g. Regnier et al., 1997) but it should be kept in mind that the outlet of the Grote Schijn is located some 15 km downstream Antwerpen and that the current velocity is much larger in this river than in the Zeeschelde itself. Along the Belgian coast, the age then increases to 40-50 days. This time scale can be understood as the time required, under average conditions, for a change in the source behaviour to have a significant effect on the Belgian coast. It is the memory of this area with respect to the source considered. Further offshore, along the residual gyre, the age increases to 60-80 days for the largest part. In the centre of the gyre, the age can even reach 100 days, but, of course, this is then associated also with much smaller concentrations of the tracer.
The transient dynamics of the plume has also a clear impact on the age distribution. When the plume is pushed northwards by an appropriate wind event, the age distribution shows a maximum around the Dutch coast as older material is advected in this direction. Later, when the plume moves back southwards, there is a significant amount of old material that is trapped in the centre of the gyre where the age has then its maximum value as inferred from the observation and the distribution of the successive trophic levels in the area (Nihoul & Hecq, 1984) . At the marine side of the estuary, a sharp gradient usually exists between the young water mass coming out from the Scheldt and a much older water mass that has already circulated around the whole loop before ending up at this location.
At the end of the simulation, nearly 98% of the mass of the tracer released in the river has reached the sea (Figure 10 ). The 2% left are still in the river, for the most part and only a small part can infiltrate into the groundwater. Usually, the river drains the aquifer and, even during the summer when the water table is low, no significant mass transfer of the tracer into the groundwater domain can be observed. The very small mass fluxes effectively exchanged during the short periods of time when the river level increases are progressively compensated afterwards by a return flux back to the river, and consequently the computed tracer plume is very limited in the groundwater domain.
In the simulation considered here, a pumping well has been considered near the contaminated river (at a distance of 230 m) to examine the potential transfer of tracers from the river into the groundwater domain. It is observed that a pumping rate as small as 0·02 m 3 s 1 is enough to induce a nearly continuous mass flux from the river into the groundwater domain. As shown in Figure 10 , this mass transfer is not significant for the river and ocean system budgets. It is however highly significant for the groundwater both in terms of resulting concentrations and persistence of the contamination in the groundwater.
The computed tracer mass fluxes exchanged between the river and the groundwater domain near the pumping well are shown in Figure 13 as well as the simulated fluctuations of the water levels in the river and in the groundwater domain. It can be observed that the general trend of the computed exchanges is imposed by the slight variations of piezometric head in the groundwater domain whereas the short and intense variations of the exchanged mass fluxes are mainly induced by the water level fluctuations in the river. Figure 14 shows the computed time evolution of the fluxes of the conservative tracer through the area influenced by the pumping well. (Fluxes from the river into the groundwater domain are considered as positive values.) The tracer mass extracted from the aquifer at the pumping well is also shown on this figure. One can observe that a delay of about 40 days is necessary before the tracer can be detected in the pumping well. The extracted mass flux of the tracer does not exceed 0·12 g s 1 , i.e. 0·24% of the injected flux in the river. This value is the maximum of the total mass flux of tracer which definitively goes out of the river into the aquifer in the pumping well influence zone.
From the injection point in the river to the pumping well in the aquifer, a total transfer time varying between 84 and 93 days is calculated using the ratio between the concentrations of conservative and radioactive tracers. Then a mean velocity in the aquifer can be deduced as varying between 2·5 and 3 m d
1
. These values are in range of those deduced from the classic application of the Darcy's law for a mean gradient of 0·6%, hydraulic conductivity of about 10 4 m s 1 and effective porosity of 0·02. It must be noted that this small value of the effective porosity explains the significant transfer of the tracer computed during the considered period of time. The results may be transposed to other conditions or locations by simple dimensional arguments; for instance, the conclusions would remain unchanged in the case of effective porosity of 0·2 provided that the space scale and dispersivity values are divided by 10 (the pumping well would then be located at about 23 m from the river).
Concluding remarks
The SALMON model provides an appropriate framework for the integrated modelling of the groundwater, the river and the coastal sea and for the assessment of their common response to meteorological conditions and human influences. As such it forms the ideal tool to address the complexity and intricate aspects of the water system in coastal plains.
The scientific advantages of the simultaneous modelling of the groundwater, the river and the coastal sea are particularly obvious in a management perspective.
On the one hand, the integrated modelling provides a way to analyse all the effects of management policies or environmental hazards. It is indeed usual to approach local problems at a local scale, disregarding the larger scale impacts. The river eutrophication issue, for instance, is often addressed locally by apparently appropriate techniques but without any consideration for the possible influences of these measures downstream (where large amounts of dead organic matter may ask for a better solution) or for the possible memory effect of the groundwater. The current approach allows all those aspects to be taken into account simultaneously.
On the other hand, the integrated modelling enables also the testing of scenarios-reflecting management decisions or the influence of global changes-in a much more realistic way. The dynamics of local models, like the model of the Belgian coast, is indeed driven, to a large extent, by its boundary conditions. To investigate the effects of some scenarios, it is therefore of prime importance that the boundary conditions reflect also the same scenario. In the approach developed in SALMON, the changes introduced in the scenario will be reflected in all the different models for a more accurate prediction of the global influences.
The methodology developed in the SALMON project is meant to be easily portable from one site to the other. Although the mathematical and numerical models have to be adapted every time a new site is considered, the fluxes of information to be exchanged between the different models and the appropriate handling of the different time scales and length scales addressed by these models have been identified and implemented in a general fashion in SALMON. The tool is therefore ready to address more specific problems in a global way.
The first application of the SALMON meta-model to the Scheldt Basin and the Belgian Coastal Zone has highlighted the interactions between the groundwater, the river and the marine domains. The different time scales of interactions have been determined from numerical experiments by following a conservative tracer flowing from one domain to the other.
It is now planned to implement a detailed description of the complex biochemical interactions taking place in the estuary and in the coastal sea, to extend the scope of the SALMON model and describe the fate of organic and inorganic nutrients without any modification to the architecture of SALMON. It will then be possible, for instance, to have a global test of the application of the European Directive EC/91/271, concerning the urban waste water treatment or to examine the local and remote influences of denitrification and dephosphatation post-treatments.
